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Beebe Symposium:

“Standing on the Shoulders of Giants™

Sir Isaac Newton Bernard of Chartres
1676 12t Century



Harnessing the Genomic Revolution:
215t Century Investigation
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Understanding Cancer Genomes:

Comprehensive Characterization of Errors
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How and why do the errors occur?
Interaction with Environment- e.g., Radiation
DNA Replication- Background Error Rate




Full Genomic Characterization (TCGA-style)
of Radiation-Related
Thyroid Cancer in the Ukraine
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Model Pipeline for Comprehensive Characterization:
The Cancer Genome Atlas (TCGA) for 20 Cancers
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Goals of Genomic Characterization of
Thyroid Cancers post Chernobyl

* Sample Size (fresh frozen tissue samples)

e 450 radiation-related PTC cases from CTB
e 100 UkrAm* & 350 non-UkrAm?*

* 50 sporadic (non-irradiated) PTC cases
 CTB* cases born after Jan 1, 1987

e Analysis of “Paired” Samples
* Dyads- Tumor plus normal- tissue or peripheral blood

* Triads- Tumor plus non-cancer tissue plus peripheral blood
* Opportunity to evaluate “field effect on non-cancerous tissue”

* Currently- 334 cases are in production

work 1w Xcbs
PROGRESS

*From Zhytomyr, Chernihiv, Kyiv region, and Kyiv city



Lessons Learned from the Data

The Cancer Genome Atlas (TCGA)
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Integrated Genomic Characterization
of Papillary Thyroid Carcinoma

The Cancer Genome Atlas Research Network':*

The Cancer Genome Atlas Program Office, National Cancer Institute at NIH, 31 Center Drive, Bldg. 31, Suite 3A20, Bethesda,

MD 20892, USA
*Correspondence: giordano@umich.edu, gadgetz@broadinstitute.org
http://dx.doi.org/10.1016/j.cell.2014.09.050

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

SUMMARY

Papillary thyroid carcinoma (PTC) is the most com-
mon type of thyroid cancer. Here, we describe the
genomic landscape of 496 PTCs. We observed a
low frequency of somatic alterations (relative to other
carcinomas) and extended the set of known PTC
driver alterations to include EIF1AX, PPM1D, and
CHEKZ2 and diverse gene fusions. These discoveries
reduced the fraction of PTC cases with unknown
oncogenic driver from 25% to 3.5%. Combined

Previous genetic studies report a high frequency (70%) of acti-
vating somatic alterations of genes encoding effectors in the
mitogen-activated protein kinase (MAPK) signaling pathway,
including point mutations of BRAF and the RAS genes (Cohen
et al., 2003; Kimura et al., 2003; Lemoine et al., 1988; Suarez
et al., 1988), as well as fusions involving the RET (Grieco et al.,
1990) and NTRK1 tyrosine kinases (Pierotti et al., 1995). These
mutations are almost always mutually exclusive (Soares et al.,
2003), suggesting similar or redundant downstream effects.
The various MAPK pathway alterations are strongly associated
with distinct clinicopathological characteristics (Adeniran et al.,
2006). and aene expression (Giordano et al.. 2005) and DNA



Overview of Somatic Alterations in TCGA Thyroid Cancer
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Preliminary Assessments of Somatic Mutations in
Radiation-induced Thyroid Cancer:
Are There Signatures or Patterns?

Opportunity for a Large-Scale Agnostic’ Examination
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The Increase in Thyroid Cancer Incidence During the Last Four Decades Is
Accompanied by a High Frequency of BRAF Mutations and a Sharp Increase in
RAS Mutations

Chan K&on Jung, Mark P. Little, Jay H. Lubin, Alina V. Brenner, Samuel A. Wells, Jr., Alice J. Sigurdson, and Yuri E.
Nikifore

Author information B Article notes & Copyright and License information

This article has been cited by other articles in PMG.

Abstract

Context:

Thyroid cancer incidence rates in the United States and globally have increased steadily over the last 40
years, primarily due to a tripling of the incidence of papillary thyroid carcinoma (PTC).

Objective:

The purpose of this study was to analyze trends in demographic, clinical, pathologic, and molecular
characteristics of PTC from 1974 to 2009.

Design and Setting:

‘We identified and histologically reviewed 469 consecutive cases of PTC from one US institution from 4
preselected periods (1974 to 1985, 1990 to 1992, 2000, and 2009) and assessed BRAF and RAS point
mutations and RET/PTC rearrangements among 341 tumors >0.3 ¢m in size. Changes over time were
analyzed using polytomous and binary logistic regression; all analyses were adjusted for age and sex.

Results:

During this period, the median age of patients at diagnosis increased from 37 to 53 years (£ < .001) and the
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Genomic copy number analysis of Chernobyl papillary
thyroid carcinoma in the Ukrainian-American Cohort
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Abstract

One of the major consequences of the 1986 Chernobyl reactor accident was a dramatic increase in papillary thyroid

carcinoma (PTC) incidence, predominantly in patients exposed to the radioiodine fallout at young age. The present study is
the first on genomic copy number alterations (CNAs) of PTCs of the Ukrainian-American cohort (UkrAm) generated by array
genomic i (aCGH). U hierarchical clustering of CNA profiles revealed a significant

enrichment of a subgroup of patients with female gender, long latency (>17 years) and negative lymph node status. Further,
we identified single CNAs that were significantly associated with latency, gender, radiation dose and BRAF V60OE mutation
status. Multivariate analysis revealed no interactions but additive effects of parameters gender, latency and dose on CNAs
The previously identified rad d gain of the bands 7q11.22-11.23 was present in 29% of cases.
Moreover, comparison of our radiation-associated PTC data set with the TCGA data set on sporadic PTCs revealed altered
copy numbers of the tumor driver genes NF2 and CHEK?. Further, we integrated the CNA data with transcriptomic data that
were available on a subset of the herein analyzed cohort and did not find statistically significant associations between the
two molecular layers. However, applying hierarchical clustering on a ‘BRAF-like/RAS-like’ transcriptome signature split the
cases into four groups, one of which containing all BRAF-positive cases validating the signature in an independent data set.

Introduction

One of the major consequences of the 1986 Chernobyl nuclear
accident to human health dramatic increase in thyroid
cancer incidence among those who were children or adolescents
at the time of exposure (1,2). Several studies clearly related this
increase to radioiodine exposure (mainly -131) from the reactor
accident (3-7). Numerous genomic studies on post-Chernobyl
papillary thyroid carcinomas (PTCs) have been published so far.
A study by Unger et al. (§) has shown intratumoral heterogene-
ity of RET/PTC rearrangements in post-Chernobyl PTCs suggest-
ing either a multiclonal origin of the tumors or RET/PTC being
a late subclonal event. A comparative study on global genomic

copy number alterations (CNAS) in two age-matched cohorts of
post-Chemobyl PTCs and sporadic PTCs revealed a radiation-
specific genomic copy number gain of the chromosomal bands
7q11.22-11.23, which was exclusively detected in exposed cases
by array comparative genomic hybridization (aCGH) (9). Further,
a significant MRNA overexpression of the CLIP2 gene, located
in the gained band, was shown (9). Among others, the largest
cohort of subjects who were exposed to the radioiodine-contam-
inated fallout from the Chernobyl accident under the age of 18
is the so called Ukrainian-American (UkrAm) cohort (10), which
was established by the US National Cancer Institute and the
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©The Author 2015, Published by Oxford University Press. All rights reserved. For Permissions, please email: journals permissions@oup.com.

£iqe H

<z pquiandag

Original Article

RET/PTC and PAX8/PPARy Chromosomal Rearrangements in
Post-Chernobyl Thyroid Cancer and Their Association With
lodine-131 Radiation Dose and Other Characteristics

Rebecca J. Leeman-Neill, MD, PhD'; Alina V. Brenner, MD, PhD, MPH?; Mark . Little, MA, DPhil’
Tetiana |. Bogdanova, PhD¥; Maureen Hatch, PhD?; Liudmyla Y. Zurnadzy, MD, PhD*; Kiyohiko Mabuchi, MD, DrPH?;
Mykola D. Tronko, MD, PhD*; and Yuri E. Nikiforov, MD, PhD'

BACKGROUND: Childhood exposure to iodine-131 from the 1986 nuclear accident in Chernobyl, Ukraine, led to a sharp increase in
papillary thyroid carcinoma (PTC) incidence in regions surrounding the reactor. Data concerning the association between genetic
mutations in PTCs and individual radiation doses are limited. METHODS: Mutational analysis was performed on 62 PTCs diagnosed in
 Ukrainian cohort of patients who were < 18 years old in 1986 and received 0.008 to 86 Gy of ! to the thyroid. Associations
between mutation types and ! dose and other characteristics were explored. RESULTS: RET/PTC (ret proto-oncogene/papillary thy=
roid carcinoma) rearrangements were most common (35%), followed by BRAF (15%) and RAS (8%) point mutations. Two tumors car-
rying PAXS/PPARY (paired box 8/peroxisome proliferator-activated receptor gamma) rearrangement were identified. A significant
negative association with ¥ dose for BRAF and RAS point mutations and a significant concave association with ™I dose, with an
inflection point at 16 Gy and odds ratio of 21, based on a linear-quadratic model for RET/PTC and PAX8/PPARY rearrangements were
found. The trends with dose were significantly different between tumors with point mutations and rearrangements. Compared with
point mutations, rearrangements were associated with residence in the relatively iodine-daficient Zhytomyr region, younger age at
exposure or surgery, and male sex. CONCLUSIONS: These results provide the first demonstration of PAX8/PPARY rearrangements in
post-Chernobyl tumors and show different associations for point mutations and chromosomal rearrangements with !l dose and
other factors. These data support the relationship between chromosomal rearrangements, but not paint mutations, and I exposure
and point to a possible role of iodine deficiency in generation of RET/PTC rearrangements in these patients. Cancer 2013;119:1792-9.
© 2013 American Cancer Society.

KEYWORDS: Chernoby, papillary thyroid carcinoma, iodine-131, RET/PTC, PAXS/PPARY.

INTRODUCTION
Exposure to ionizing radiation during childhood is known to cause thyroid cancer, with a significantly dose-dependent
ed incidence, particularly in children and young adults." After the nuclear accident in April 1986 in Chernobyl,
Ukraine, residents of regions surrounding the Chernobyl nuclear power plant, including Ukraine, Belarus, and the Rus-
sian Federation, received variable doses of radioiodines through inhalation and ingestion of contaminated dairy products
or vegetables. These regions experienced a dramatic rise in incidence of thyroid cancer,” with at least 5000 new cases
observed in individuals exposed during childhood or adolescence. Papillary thyroid carcinoma (PTC) is known to be the
principal type of thyroid carcinoma associated with radiation exposure and comprised the majority of pediatric thyroid
tumors in residents of the regions surrounding Chernobyl >

Case-control and cohort studics of post-C
noma is strongly related to '>'I dose absorbed by the thyroid.* The reported excess relaive risk per unit of dose (Gy) is
between 2 and 5. In addition, age at exposure and iodine deficiency have been found to modify the '*'I-related risk of thy-
roid cancer, with higher risk per unit of dose observed in persons exposed as younger children, particularly infants,'” and
in individuals living in areas with low soil iodine content.”

inc

Chernobyl thyroid cancers have demonstrated that the risk of thyroid carci-

Corresponding author: Yuri Nikforov, MD, Ph, Department of Pathology, Universiy of Pitsburgh, 200 Lothrop Street, Presbyterian Universiy Hospital, Room
C:606, Pitisburgh, PA 15213; Fax: (412) 802-6799; ikiforovye@upme.edu

"Department of Pathology, Universty of Pittsburgh School of Medicine, Pitsburgh, Pennsylvania; Raciation Epicemiology Branch, Divisin of Cancer Epidermol-
gy and Genetics, National Cancer Institute, National Insttutes of Health, Bethesda, Maryland; *State Istitution V.P. Komisarenko Insitute of Endoctinology and
Metabolism of the National Academy of Medical Sciences of Ukraine, Kyv, Ukraine

It with great sadness that v report the death of our collsague Dr. Elaine Ron, who was one of the original investigators involved in design of the study. We
greatly appreciate her contribution and support. We thank Dr. Gerry Thomas and staff of the Chemobyl Tissue Bank for providing samples. We are grateful to
the dosimetry team, including Drs.lya Likhtarev, Lina Kovgan (Radiation Protection Institute, Ukrainian Academy of Technological Sciences), Andre Bouville (fr-
merly with the National Cancer Insttute NCI, National Insttutes of Health [NIHI), and Viadimir Drozdovich (NCI, NIH) for dose reconsiruction efforts. We thank
Or. Alice Sigurdson (NCI, NIH) for citca review of the manuscrpt.

DO 10,1002/cncr-27693, Received: August 21, 2012; Revised: September 25, 2012 Accepted: October 4, 2012, Published online February 21, 2013 in Wiley
Online Library (wileyonlinelibrary.com)
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Central Thyroid Cancer Signaling Pathway:

Thyroid Cancer Signaling
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What Is a Mutation Signhature?

Somatic mutations are present in all
cells of the human body and occur

throughout life. They are the "y
consequence of multiple mutational ~ .™"
processes, including the intrinsic )
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Mutation Genomic Profiles:

Little ewdence for Kateqgis- ‘concetrated mutations’

Due to the
exceptionally low
mutation density,
clusters of mutations
(kategis) are less
likely.
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Somatic Copy Number Alterations
35 of 197 tumors (SNP Chip)

Chr STATE Counts |Subject Counts| Freq genes in the region reporte(:):;:rCGA cell
1 GAIN 1 1 0.51% Yes
2 GAIN 1 1 0.51%

3 GAIN 1 1 0.51%

4 GAIN 3 3 1.52%

5) GAIN 2 2 1.02% yes

6 GAIN 3 3 1.52% Oncogene: DEK, E2F3?

7 GAIN 2 2 1.02% yes

8 GAIN 2 2 1.02%

9 GAIN 1 1 0.51% yes

10 GAIN 1 1 0.51%

11 GAIN 1 1 0.51%

12 GAIN 1 1 0.51% yes
13q GAIN 1 1 0.51% yes
14q GAIN 3 3 1.52% yes
15¢g GAIN 1 1 0.51%

16 GAIN 2 2 1.02% yes

17 GAIN 4 4 2.03% yes
20 GAIN 1 1 0.51% yes
22q GAIN 4 4 2.03%

2 LOSS 2 2 1.02% ALK-STRN fusion (0.2% in TCGA) yes

5 LOSS 1 1 0.51% Tumor suppressor: APC, MCC

6 LOSS 1 1 0.51%

9 LOSS 1 1 0.51% yes

10 LOSS 1 1 0.51% not contain PTEN
13q LOSS 3 3 1.52% Tumor suppressor: RB1 yes
15q LOSS 2 2 1.02% no

Tumor suppressor: CDH1, CDH11,
16 LOSS 3 3 1.52% CBEA2T3 yes
Tumor suppressor: CHEK2, NF2 (14.1% in

22q LOSS 19 18 9.14% TCGA); enrich for follicular variant (FV) yes

subtype

21q NEUTRAL 1 1 0.51%

22q NEUTRAL 1 1 0.51%

Total 70

220 deletion

Lower than
TCGA



Interim Conclusions

Very Quiet Somatic Profile of Mutations

Likely Signature of Ageing

BRAF mutations in older individuals with lower
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Parental Irradiation of Ukrainian

Clean-up Workers and Evacuees

and Germline Mutations in their
Offspring (TRIO Study)
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Background

* Little evidence of untoward pregnancy outcomes,
childhood mortality, or sex chromosome aneuploidy
associated with parental radiation exposure Iin
Japanese A-bomb F, or other studies

* Based on 7-locus mouse data (Russell et al) and non-
significant indications from the A-bomb F, study, ICRP
assumes parental radiation exposure induces a large
spectrum of genetic effects in offspring

* Doubling dose (DD) of approximately 1 Gy

DD = Radiation dose expected to double the spontaneous
mutations rate in a generation
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Trio Analyses of Mutational Patterns

LETTERS

Parent-of-origin-specific signatures of de novo mutations

Jakob M Goldmann’!?, Wendy S W Wong21?, Michele Pinelli’, Terry Farrah?, Dale Bodian?, Anna B Stittrich?,
Gustavo Glusman®, Lisenka E L M Vissers, Alexander Hoischen?, Jared C Roach*, Joseph G Vockley?5,
Joris A Veltman®7, Benjamin D Solomon?#?, Christian Gilissen>!! & John E Niederhuber?%1!

De novo mutations (DNMs) originating in gametogenesis
are an important source of genetic variation. We use a data

set of 7,216 autosomal DNMs with resolved parent of origin
from whole-genome sequencing of 816 parent-offspring

trios to i between and
paternally derived DNMs and study the underlying mutational
mechanisms. Our results show that the number of DNMs in
offspring increases not only with paternal age, but also with
maternal age, and that some genome regions show enrichment
for maternally derived DNMs. We identify parent-of-origin-
specific mutation signatures that become more pronounced
with increased parental age, pointing to different mutational
mechanisms in spermatogenesis and oogenesis. Moreover,

we find DNMs that are spatially clustered to have a unique
mutational signature with no significant differences between

Studies to date have lacked sufficient sample size to determine the
parental allele for large numbers of DNMs so as to compare DNMs of
paternal and maternal origin. In this study, whole-genome sequencing
(WGS) was performed on 832 offspring-parent trios, with an average
of 60x coverage, by Complete Genomics Inc. (Table 1, Supplementary
Tables 1-4; see Online Methods for a description of the cohort)®.
After removing an outlier and one twin from each of the monozygotic
twin pairs, de novo mutations were identified for the autosomes of 816
trios. A random forest classifier was used to remove potential false
positives from the initial set of putative DNMs, resulting in 36,441
DNMs, or an average of 45 DNMs per individual (Online Methods
and Supplementary Tabm 5-8). Quality assessment of these results
based on win conce and Sanger
of a subset of DNMs mdmaned high specificity (Supplementary
Tables 9-11, Online Methods). Overall, the nucleotide substi-
tution for DNMs were dominated by C-T and T-C

parental alleles, ing a different
Our findings provide insights into the molecular mechanisms
that underlie mutagenesis and are relevant to disease and
evolution in humans'.

Studies of de novo mutations (DNMs) in humans have estimated
the mutation rate of singl leotide variants to be

1 x 10 mutations per generation, giving rise to 45-60 DNMs per
genome?~5. The susceptibility to DNMs varies by several orders of
magnitude along the genome and may be influenced by factors such
as nucleotide content, replication timing, distance to recombina-
tion hotspots, nucleosome occupancy, transcription, and chromatin
‘openness’S. Several mechanisms of DNA mutation are known, most

changes, giving rise to a transition/transversion ratio (Ts/Tv) of 2.23.
Haplotype assembly of all mutations successfully phased 19.8% of all
DNMs, resulting in a set of 7,216 phased DNMs (Online Methods,
Supplementary Tables 12-15). Assessing the parental origin of
DNMs, we found that 5,640 DNMs were on the paternal allele and
1,576 on the maternal allele, giving rise to the expected median
paternal/maternal ratio of 3.6:1 (Supplementary Fig. 1)>3.

Multiple studies have shown that the numbers of DNMs in offspring
are positively correlated with increasing paternal age at the time of
conception??. Using our phased DNMs, we were able to confirm

Table 1 Cohort
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Large-scale whole-genome sequencing of the Icelandic
population
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Here we describe the insights gained from sequencing the whole genomes of 2,636 Icelanders to a median depth of 20x.
We found 20 million SNPs and 1.5 million insertions-deletions (indels). We describe the density and frequency spectra of
sequence variants in relation to their functional annotation, gene position, pathway and conservation score. We demonstrate

an excess of homozygosity and rare protein-coding variants in Iceland. We imputed these variants into 104,220 individuals down
to a minor allele frequency of 0.1% and found a recessive frameshift mutation in MYL4 that causes early-onset atrial fibrillation,
several mutations in ABCB4 that increase risk of liver diseases and an intronic variant in GNAS associating with increased
thyroid-stimulating hormone levels when maternally inherited. These data provide a study design that can be used to determine
how variation in the sequence of the human genome gives rise to human diversity.

‘The advent of high-throughput genotyping and sequencing has revo-

lutionized the ability to investigate how diversity in the sequence of

the human genome affects human diversity’. Large-scale genotyping
of common variants led to an avalanche of discoveries of variants
associating with common and complex diseases?. Now studies based
on whole-genome and exome sequencing are beginning to yield rare
variants associating with common discases?!%. They also provide
unprecedented information about human sequence divers

valuable information about human genome diversity and tools to use
in genetic discovery.

Ourefforts at studying the human genome and its impact on diseases
and other traits have focused on the Icelandic population. Genetic stud-
ies of the Icelandic population benefit from a genealogy of the nation
reaching centuries back in time, a founder effect and broad access to
nationwide healthcare information. The transition from genome-wide
association studies (GWAS) based on common SNPs on microarrays to

insights into the structure and history of human
Several large-scale sequencing projects are ongoing or inthe planning
stages, foremost among them the 1000 Genomes Project'® and the

those based on a vast number of rare va by
and presents new d challenges
Here we describe the insights gained from sequencing the whole
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Recombination Events

0% & Maternal ? Increase with Radiation

Paternal 0%



Comprehensive characterization of
germline genomes of trios (parents and
children) with pre-conception exposure
to radiation from the Chernobyl accident

 Phase 1l
* Pilot: 48 Trios (mother/father and child)
« All offspring born > lyear after accident
* Collection of Whole Blood (informed consent)

* [n progress

 SNP Chip completed (156 samples)
 WGS received




Target Trio Numbers

* |nitial study: Recruit 50 trios, selected from risk
categories (10 trios for each of 5 groups):

Exposed father, exposed mother

Exposed father, unexposed mother

Unexposed father, exposed mother

Unexposed father, unexposed mother

High dose emergency worker (fathers only, with acute radiation

syndrome)

e Full study aims to recruit up to 450 trios from
exposed and/or unexposed parents



Analysis Plan

 Germline Characterization
« Whole Genome Sequencing 60X
 SNP- microarray
* Methyl-Microarray
« Whole blood for RNA Sequencing (if indicated)

 Assess Rates of:
« Minisatellite Mutations (early studies)
« de novo Mutations (not seen in parents)- including rates
« Copy Number/Structural Variations
« Recombination Rates (across generations)
« Somatic Mutations & Detectable Mosaicism
« Variation in Telomere Length (RT-PCR + WGS)
« Methylation Patterns



